Despite its structural simplicity, ovarian folliculogenesis requires complex regulatory mechanisms involving both extrinsic (endocrine) and intrinsic signalling pathways. In the case of intrinsic signalling pathways, numerous peptide 'intra-ovarian factors', which are members of several growth factor families, appear to influence follicle growth and maturation through paracrine signalling. Albertini et al. (2001) reviewed evidence that such signalling between developing oocytes and the surrounding granulosa cells is facilitated by transzonal projections from the granulosa cells that contact the oocyte surface. It is proposed that these contacts mediate local growth factor delivery and receptor occupation at the oocyte-granulosa cell interface. In the present review, another intraovarian signalling pathway, provided by gap junctions, is considered. Findings from gene expression studies in several species and gene targeting in mice have implicated gap junctional intercellular communication in follicular development and indicate its involvement in female infertility.
The connexins are members of a large family of integral membrane proteins, and each is the product of a distinct gene. There are 17 published rodent connexin sequences and more are in the process of being characterized (Bruzzone et al., 1996a,b; Dahl et al., 1996; Condorelli et al., 1998; Manthey et al., 1999; Söhl et al., 2001; Teubner et al., 2001) . Connexins vary greatly in size: in rodents, for example, they range from connexin26 (Cx26), the smallest at 26 kDa, to connexin57 (Cx57), the largest at 57 kDa. All connexins have the same basic structure consisting of four membrane-spanning domains, two extracellular loops, a cytoplasmic loop, and cytoplasmic N-and C-termini. The extracellular loops form the contact domains that allow docking of connexons from adjacent cells. Sequence similarity among the family members is concentrated in the transmembrane domains and extracellular loops, whereas most of the sequence and length variation is in the cytoplasmic loops and C-terminal tails. This diversity is assumed to account for most of the distinct biophysical, permeability, Gap junctions are collections of intercellular membrane channels that allow adjacent cells to share small molecules (< 1 kDa). Gap junction channels are composed of connexins, a homologous family of more than 20 proteins. In developing follicles, gap junctions couple the growing oocyte and its surrounding follicle cells into a functional syncytium. This review summarizes evidence on the expression of various connexins in developing follicles and the likely roles that some of the connexins play, on the basis of findings from gene targeting experiments in mice. Gap junctions between cumulus cells contain predominantly connexin43, and this connexin has also been detected using immunoelectron microscopy in a small minority of gap junctions at the oocyte surface. The importance of connexin43 for granulosa cell function is demonstrated by the fact that follicles lacking this connexin arrest in early preantral stages and produce incompetent oocytes. Connexin37 appears to be the only connexin contributed by oocytes to the gap junctions coupling them with granulosa cells, and loss of this connexin interferes with the development of antral follicles. The expression of multiple connexins in developing follicles is thus likely to reflect the multiple functions served by gap junctional communication in folliculogenesis. and regulatory properties exhibited by gap junction channels composed of different connexins (Bruzzone et al., 1996a,b) . For example, gap junction channels can be selective for different cyclic nucleotides and experimental tracer dyes, and are differentially sensitive to gating by protein kinases (Swenson et al., 1990; Bevans et al., 1998) . Each connexin has a characteristic tissue distribution, although most organs (and even some individual cells) express more than one connexin (Bruzzone et al., 1996b) . These facts support the hypothesis that channels formed of different connexins play distinctive roles. The potential diversity of types of channel generated by the diversity of connexins is further magnified by the existence of heterotypic channels, formed by the pairing of two homomeric connexons each composed of a different connexin, as well as heteromeric channels, in which the connexons comprise a mixture of two (or more) connexins (Bruzzone et al., 1996a,b; He et al., 1999) . Given the different properties of the various connexins, this situation allows for great complexity with regard to the selectivity and regulation of intercellular coupling (He et al., 1999) .
Involvement of gap junctional coupling in development and reproduction
Recent evidence indicates that gap junctional intercellular communication plays a variety of roles in mammalian development and reproduction. For example, the existence of 'communication compartments', distinct embryonic tissue domains delineated by restricted intercellular coupling (Bruzzone et al., 1996a; Kidder and Winterhager, 2001) , implies that gap junctions are involved in the control of cell differentiation. Indeed, in vitro differentiation models support this contention (Bani-Yaghoub et al., 1999a,b) . Another established role for gap junctions is in the regulation of cell proliferation, including that of cancer cells (Zhu et al., 1991 (Zhu et al., , 1992 Hellmann et al., 1999) . There is even evidence that gap junctional coupling is required for cell migration during embryonic morphogenesis, such as in the case of the cardiac neural crest (for a review, see Lo et al., 1999) . Definitive evidence that gap junctions play essential roles in organogenesis has come from connexin gene targeting experiments that have generated a variety of developmental and physiological abnormalities. Furthermore, there are now several human congenital abnormalities known to be associated with connexin mutations. Some of these abnormalities correlate with the mouse knockout phenotypes but others do not (for reviews, see White and Paul, 1999; Kelsell et al., 2001 ). In addition, there is clear evidence of the involvement of gap junctions in the development of ovarian follicles. During the growth of mammalian oocytes, there is continuous coupling with the surrounding follicle cells via gap junctions (for reviews, see Eppig, 1991; Eppig et al., 1996) . According to morphological evidence, this coupling begins as primordial follicles form and expands as folliculogenesis proceeds through primary, secondary and tertiary (antral) follicle stages (Mitchell and Burghardt, 1986) . Amino acids, glucose metabolites and nucleotides are among the molecules known to be transferred to the growing oocyte through Simon and Goodenough, 1998.) gap junctions (Eppig, 1991) . In addition, signals that regulate meiotic maturation of the fully grown oocyte pass through the oocyte-granulosa cell gap junctions (Fagbohun and Downs, 1991; Coskun and Lin, 1994; Granot and Dekel, 1994; Downs, 1995) . Although there is much still to be learned about the precise roles of gap junctions in folliculogenesis, oocyte growth, and oocyte maturation, the oocyte-granulosa cell complex remains one of the clearest examples of the involvement of gap junctional communication in a developmental process.
Connexins in developing follicles
Multiple connexins are expressed within the ovarian follicle, in some cases within the same cell type. For example, both Cx32 and Cx43 have been detected in gap junctions joining the cumulus granulosa cells of fully grown mouse follicles (Valdimarsson et al., 1993) ; the same two connexins are also present in rat granulosa cells (Li and Mather, 1997) . Cx43 (but not Cx32) gap junctions can be seen in what appear to be pre-granulosa cells as early as postnatal day 1, when the first primordial follicles are forming (Juneja et al., 1999) . Cx45 is present as a minor component in granulosa cell gap junctions of adult mice and rats, colocalizing with Cx43 in some gap junctions (Okuma et al., 1996; Alcoléa et al., 1999; Wright et al., 2001) . For example, a freeze-fracture replica, immunogold labelled for Cx43 (5 nm particles) and Cx45 (15 nm particles) is shown ( Fig. 2) , demonstrating that Cx45 is restricted to small regions of some Cx43-containing gap junction plaques between cumulus cells (A. A. Mhawi, R. R. Shivers and G. M. Kidder, unpublished) . A fourth ovarian connexin, Cx37, is present from the primary follicle stage onward, restricted to the interface between oocytes and cumulus granulosa cells (Simon et al., 1997) , although it should be noted that Wright et al. (2001) also detected some Cx37 immunoreactivity between granulosa cells in antral Fig. 2 . Freeze-fracture replica prepared from cumulus granulosa cells of an adult mouse follicle immunogold labelled for connexin43 (Cx43) (5 nm particles) and Cx45 (15 nm particles). The distribution of gold particles indicates that Cx45 is restricted to small regions of some Cx43-containing gap junction plaques between cumulus cells. Unfixed mouse cumulus-oocyte complexes were slam frozen, fractured and replicated. Replicas were sequentially labelled with rabbit anti-Cx45 (overnight at 4 ЊC) and mouse monoclonal anti-Cx43 (2 h at room temperature). The bound primary antibodies were visualized with gold-conjugated secondary antibodies (goat anti-rabbit and anti-mouse IgG, respectively). After immunolabelling, the replicas were fixed with 0.5% glutaraldehyde for 10 min. Scale bar represents 150 nm. Fig. 3 . Thin section taken through an adult mouse follicle immunogold labelled to reveal connexin43 (Cx43) in a gap junction at the oocyte surface (double arrow). Cx43 is restricted to the cumulus cell side of the junctional contact between the oocyte (oc) and a cumulus cell transzonal projection (tzp). Other junctional contacts on the oocyte surface were not labelled with the Cx43 antibody (single arrow). zp: zona pellucida. Pieces of ovary were fixed in 1% glutaraldehyde in phosphate buffer containing 0.1% (w/v) tannic acid. Thin sections were labelled with mouse anti-Cx43 for 2 h and the bound primary antibody was visualized with goat anti-mouse IgG conjugated to 15 nm gold particles. Scale bar represents 250 nm.
follicles. A fifth connexin likely to play a role in folliculogenesis is Cx57 (Manthey et al., 1999) , a mouse connexin, the gene for which is transcribed in several adult organs including the ovary. Cx57 is a homologue of Cx60, which was cloned from pig ovary cDNA (Itahana et al., 1998) . Pig Cx60 is expressed in cumulus (but not mural) granulosa cells as well as in theca cells of the ovarian follicle. Although antibodies against Cx57 are not yet available, the presence of the mRNA encoding it in day 2 postnatal mouse ovaries has been confirmed by RT-PCR (K. J. Barr and G. M. Kidder, unpublished) . Thus, in mice, connexins 32, 37, 43, 45 and 57 are all implicated in the process of folliculogenesis by virtue of their expression within developing or mature follicles, or in the case of Cx57, by virtue of the presence of the mRNA encoding it in ovaries containing only early stages of folliculogenesis. This list is probably not exhaustive, as other connexins have been detected in the ovarian follicles of other species, most notably Cx30.3 in pig and rat granulosa and theca cells (Itahana et al., 1996 (Itahana et al., , 1998 . In addition, Cx26 has been identified in sheep and cow oocytes and pig theca cells (Itahana et al., 1996; Grazul-Bilska et al., 1998; Johnson et al., 1999) , and Cx37 in gap junctions of the mouse cumulus-oocyte complex on the basis of observations by immunoelectron microscopy. Cx37 is presumed to be the only gap junction protein contributed by the oocyte. In at least a few gap junctions at the surface of the oocyte (oc), Cx43 contributed by transzonal projections (tzp) from the cumulus granulosa cells (gc) docks with oocyte Cx37 to form heterotypic junctions. These junctional contacts can occur on oocyte microvilli (mv), flush with the oocyte surface, or in indentations of the oocyte plasma membrane. In other gap junctions at the oocyte surface, Cx37 from the oocyte docks with other cumulus cell connexins yet to be identified. Cx43 can be detected in all cumulus-cumulus gap junctions. Cx45 is a minor constituent of some gap junctions between cumulus cells and between their transzonal projections, but has not been detected in gap junctions at the oocyte surface. Additional connexins are known to be present in cumulus cells, but their distributions have not been determined at the ultrastructural level. zp: zona pellucida. (Adapted from Baker, 1982.) J. J. Eppig, unpublished) nor in adult rat ovaries by northern blotting (Risek et al., 1990) . This discrepancy remains to be resolved. It is unlikely that Cx32 plays an important role in folliculogenesis because knockout mice lacking this connexin are fertile (Nelles et al., 1996) . Which connexins couple the oocyte with its companion cumulus cells? As noted above, immunofluorescence microscopy has been used to demonstrate that Cx37 occurs in gap junction-like structures on the surface of mouse oocytes, beneath the zona (Simon et al., 1997) . In contrast, immunostaining and light microscopy do not convincingly reveal the presence of Cx32 or Cx43 in this location (Valdimarsson et al., 1993; Simon et al., 1997; Wright et al., 2001 ). However, under an electron microscope, both Cx43 and Cx45 have been detected in gap junctions close to the oocyte surface and, in the case of Cx43, on the cumulus cell side of gap junctions between cumulus cell projections and the oocyte plasma membrane (A. A. Mhawi, R. R. Shivers and G. M. Kidder, unpublished; Fig. 3) . Thus, at least a few of the gap junctions connecting the oocyte with cumulus cells are heterotypic junctions formed from Cx37 (contributed by the oocyte) docking with Cx43 (contributed by the cumulus cell extensions). It is presumed that Cx37 is the only connexin contributed by the oocyte because ablation of this connexin by gene targeting removed all gap junctions from the oocyte surface (Simon et al., 1997) . The identities of the other connexins docking with Cx37 at the oocyte surface remain to be determined. This information is summarized in Fig. 4 .
Roles of gap junctional intercellular communication in folliculogenesis
Connexin knockout mice have begun to provide new insights into the roles of gap junctions in ovarian development and folliculogenesis. Mice lacking Cx37 as a result of a targeted disruption of the Gja4 gene are viable and ovarian folliculogenesis proceeds in apparently normal fashion until the late preantral stage (Fig. 5; Simon et al., 1997; Carabatsos et al., 2000) . Mature Graafian follicles never develop, and ovulation cannot be induced by gonadotrophin stimulation. The mutation abolishes intercellular coupling between cumulus cells and oocytes and, consistent with the role of cumulus-oocyte coupling in transferring nutrients to the oocyte, causes oocyte growth to arrest at 74% of normal size (Carabatsos et al., 2000) . In addition, oocytes developing without Cx37 fail to achieve full meiotic competence. Eventually, the mutant ovaries become filled with structures resembling corpora lutea, as though the granulosa cells have differentiated prematurely as luteal cells (Simon et al., 1997) . It is possible that gap junctional coupling between oocytes and granulosa cells via Cx37 channels is required to maintain the differentiated state of the granulosa cells by preventing them from luteinizing before ovulation. A very different result was obtained when Gja1, the gene encoding Cx43, was ablated by gene targeting. Offspring Graafian follicles are present in ovaries from 4-month-old wildtype females (+/+) but not in ovaries from mutant females of the same age (-/-). Instead, the mutant ovaries become filled with numerous structures resembling small corpora lutea (arrowheads). An authentic corpus luteum is indicated in the wild-type ovary. (Reprinted from Simon et al., 1997 , copyright 1997 (either male or female) homozygous for the mutation have very few germ line cells (Juneja et al., 1999) , which is evident from as early as 11.5 days after mating, when the first primordial germ cells (PGCs) have taken up residence in the genital ridges, indicating that the deficiency arises during the period of PGC migration. However, the gonads of Gja1 -/-fetuses do contain about 10% of the normal number of germ cells. Therefore, it was of interest to determine whether the few oocytes in the ovaries of Gja1 -/-neonates could participate in folliculogenesis. As the absence of Cx43 is associated with neonatal lethality, which is the result of a severe heart defect (Reaume et al., 1995) , and because ovarian folliculogenesis in mice is a postnatal process, it was necessary to devise artificial means of studying folliculogenesis in the Cx43 knockout. First, neonatal ovaries were cultured in vitro, revealing that postnatal folliculogenesis is retarded, if not arrested, in the absence of Cx43 (Juneja et al., 1999) . Second, neonatal ovaries were grafted into the kidney capsules of ovariectomized, immunocompromised adult mice for postnatal development for up to 3 weeks (Ackert et al., 2001) . In this location, grafted wild-type ovaries developed a full range of follicles from primordial through to large, antral follicles (Fig. 6) . However, folliculogenesis in mutant follicles arrested in most cases before the follicles had become multilaminar, indicating that coupling among granulosa cells via Cx43 channels is required to sustain granulosa cell proliferation. Failure of the Cx43-deficient follicles to develop multiple layers of granulosa cells was correlated with reduced growth of the oocytes. Oocytes were morphologically abnormal, meiotically incompetent, and could not be fertilized. The inability of granulosa cells to proliferate in the absence of Cx43 is consistent with the presence of this connexin from the onset of folliculogenesis and implies either that Cx43 is the only connexin expressed in granulosa cells of primary follicles or that it plays an indispensable role that cannot be fulfilled by other connexins that might be present.
Conclusions
Ovarian folliculogenesis and the production of fertilizable oocytes depend on gap junctional intercellular communication within both the developing and the mature follicle. Many connexins, including but probably not limited to Cx26, Cx30.3, Cx32, Cx37, Cx40, Cx43, Cx45 and Cx57,  are expressed within the oocyte-granulosa cell complex depending on the species, but it is not yet clear whether each has an essential role to play (Cx32 clearly does not in mice). The different phenotypes of Gja1 -/-and Gja4 -/-mice indicate that Cx43 and Cx37, at least, do play distinct and essential roles consistent with the immunolocalization data showing Cx43 in granulosa cells and transzonal projections Ovaries from late gestation fetuses lacking Cx43 were grafted into the kidneys of immunocompromised adult female hosts and recovered after 3 weeks. Ovaries from wild-type fetuses were similarly grafted to serve as controls. In the absence of Cx43 (-/-), follicular development arrests in an early preantral stage reflecting the failure of the granulosa cell population to expand. However, grafted wild-type ovaries contain antral follicles of normal appearance (+/+). a: antrum; cg: cumulus granulosa layer; mg, mural granulosa layer; o: oocyte. (Reprinted by permission from Ackert et al., 2001 , copyright 2001 from the granulosa cells to the oocyte, and Cx37 restricted to gap junctions at the oocyte surface. Because channels composed of these two connexins have different permeability properties, it is possible that molecules passing through the heterologous gap junctions at the oocyte surface, some of which appear to be heterotypic, are different from those passing through gap junctions between granulosa cells. Identification of those molecules and elucidation of their physiological functions within the follicle must be research priorities of the future.
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